Anflsl mutant of Saccharomyces cerevisiae, which did not grow in the presence of 30 ,ug of fluphenazine per ml, was isolated. Mutants that were resistant to 90 ,ug of fluphenazine per ml and temperature sensitive for growth were obtained from the fisl mutant. One fluphenazine-resistance mutation, fsrl, was located near the his7 locus on chromosome II. Growth of thefsrl mutants at 35°C was arrested after nuclear division. The other group of fluphenazine-resistant mutants, carrying fsr2 mutations, showed Ca2+-dependent growth at 35°C. Growth of the fsr2 mutants at 35°C was arrested at the G2 stage of the cell cycle in Ca2+-poor medium.
bind to calmodulin in the presence of Ca"+ and to inhibit its regulatory functions (25, 26) . Consequently, phenothiazines have been used in many studies as probes to demonstrate the role of calmodulin in various cellular processes (4, 18) . In a few cases a genetic approach has been used with the isolation of phenothiazine-resistant mutants. Kurn and Sela (7) selected fluphenazine-resistant mutants of the multicellular alga Volvox carteri which exhibited altered calmodulin activity. Speaker et al. (24) isolated trifluoperazine-resistant variants of a macrophagelike cell line in which a calmodulinbinding protein was deficient.
The yeast Saccharomyces cerevisiae provides an ideal eucaryotic model system to investigate the function of calmodulin and the mechanism of the effect of phenothiazines in cellular processes. Hubbard et al. (5) reported the presence of a calmodulinlike protein in S. cerevisiae and concluded that in many respects this protein resembles calmodulin in higher eucaryotes. Sora and Bianchi (23) observed that trifluoperazine reduced the occurrence of meiotic diploid products and suggested that a calmodulinlike protein has an essential function in initiating the second meiotic division of S. cerevisiae. Here we report the isolation and characterization of S. cerevisiae mutants which confer both fluphenazine resistance and temperature sensitivity. The fluphenazine resistance mutations arose at two different genetic loci, and these mutations resulted in the arrest of the cell division cycle at specific stages at the nonpermissive temperature.
MATERIALS AND METHODS
Strains. Genotypes and sources of strains of the yeast S. cerevisiae used in these experiments are listed in Table 1 .
Media. Growth medium was prepared by dissolving 20 g of glucose, 20 g of peptone, and 10 g of yeast extract in 1 liter Segregant from FS1-4BR-7 x  G197-1B  FS13-1B  a fsr2 Iys2  Constructed by repeated crosses  and tetrad dissections among  FP-1A, G197-1B, and FS1-4BR-12  FS13-3B  a fsr2 ade  Haploid clone from the same  family as FS13-1B  FS16-1B  a fsr2 lys2  Segregant from FS13-1B x  G197-2B (a lys2, Genetic analysis techniques. The methods used for genetic analyses have been described by Nogi et al. (16) .
Cell number and viability determination. The cell number and viability of cells were determined as described previously (14) .
Fluorescence microscopy. Samples were placed on a glass slide, and a drop of the staining solution described by Kuroiwa et al. (8) , which contained\ 10 ,ug of propidium iodide (Sigma Chemical Co., St. Louis, Mo.) per ml and 500 ,ug of RNase A (Sigma) per ml, was immediately added to them. The sample was then squashed gently under a cover slip. Thus, propidium iodide staining and RNase treatment were performed simultaneously at 20°C for more than 30 min. Observations of fluorescence were made with a UVFL x 100 objective lens with a UV excitation filter (545 nm) in combination with a 610-nm suppression filter. Photographs were taken on 35 mm Fuji 400 film. To determine the relative DNA content per nucleus, the intensity of fluorescence emitted from a propidium iodide-stained nucleus was measured with a Zeiss MPM 03-fluorometer equipped with a x 100 objective lens. The area of the individual nucleus was optically isolated with a 4-,um MPM diaphragm.
RESULTS
Isolation of a fluphenazine-sensitive mutant. Growth of the original strain (AM3-4B) was inhibited by the addition of 100 ,ug of fluphenazine per ml. To ensure penetration of fluphenazine into yeast cells, isolation of fluphenazine-sensitive cells was performed. AM3-4B cells were mutagenized with ethyl methanesulfonate (9) and subjected to the nystatin selection procedure (22) , using YPGlu-fluphenazine (30 ,ug/ml) and YPGlu as selection and recovery media, respectively. Thirteen mutant colonies that grew on YPGlu medium but not on YPGlu-fluphenazine medium were isolated. Each of these mutants was crossed to the wild-type strain FP-1B (a), and the resulting diploids were tested for their sensitivity to fluphenazine. All diploids thus constructed had the same sensitivity to fluphenazine as that of the wild type, indicating that all of these mutants were recessive. The diploids were made to sporulate, and four-spored asci were dissected. All tetrads (11 to 15 asci were tested for each cross) showed 2+:2-segregation for growth on YPGlufluphenazine (40 ,ug/ml) medium. The result indicates that each mutant carries a single chromosomal mutation.
One of the segregants (FS1-4B) from the diploid (AM3-4BS-8 x FP-1B) was crossed with all 13 mutant strains. All diploids obtained showed the same sensitivity to fluphen- fluphenazine (30 jxglml) medium (Table 2 ). Since the wildtype segregant (FS1-4A) from the same ascus grew on YPGiu-fluphenazine (90 ,ug/ml) medium (Table 2) , the flsl mutant was at least four times more sensitive to fluphenazine than was a wild-type strain.
Isolation and genetic characterization of fluphenazineresistant mutants. To isolate fluphenazine-resistant mutants, cells (1.4 x 108) of the flsl strain (FS1-4B) were spread on YPGlu-fluphenazine (40 ,ug/ml) medium, and 186 colonies appearing spontaneously on the plates after incubation at 250C for 6 to 8 days were isolated and tested for growth on YPGiu medium at 35°C. Thirty-one colonies were isolated which grew on YPGlu-fluphenazine medium at 25°C but not on YPGlu tnedium at 35°C (Table 2 ). Diploids obtained from the crosses between these mutant isolates and FS2-1A (flsl leul) did not grow on YPGlu-fluphenazine (40 ,ug/ml) medium at 250C but grew on YPGlu at 35°C, indicating that these mutations are recessive to the wild-type counterpart.
The diploids were made to sporulate, and four-spored asci were dissected. All tetrads showed 2+:2-segregation for growth on YPGlu-fluphenazine (40 ,ug/ml) medium and on YPGlu medium at 35°C. Of the 31 mutants, 29 showed only parental ditype tetrads with regard to the fluphenazineresistant phenotype and teniperature sensitivity for growth (Fig. 1) and FS1-4BR-12 (fisl fsr2) were crossed with the wild-type strain G197-1B. Three ascus types showing 4+:0-, 3+:1-, and 2+:2-segregation on YPGlu-fluphenazine (40 ,ug/ml) medium were observed in ratios of 3:8:0 for the FS1-4BR-7 x G197-1B cross and 2:6:3 for the FS1-4BR-12 x G197-1B cross. All these asci showed a 2+:2-segregation on YPGlu medium at 35°C. These results indicate that neitherfsrl nor fsr2 is linked to the FLSI gene and that both fsrl and fsr2 mutations result in temperature-sensitive phenotypes in FLSJ cells. The fsrl FLSJ (FS9-lC) and fsr2 FLSJ (FS13-1B) mutants showed the same sensitivity to fluphenazine as that of the wild-type strain ( Table 2 ). The result suggests that direct isolation of fsr mutations from a wildtype strain is impossible.
Linkage between fsrl and his7 was detected by tetrad analysis of a diploid constructed by crossing between FS9-1C and G211-6A. The tetrad data concerningfsrl and his7 indicated a parental ditype/nonparental ditype/tetratype ratio of 58:0:8, and the fsrl locus is located on chromosome II approximately 6 centimorgans from his7.
Growth properties offsrl mutants. To test growth characteristics of mutants, the fsrl/fsrl diploid FS25 (Table 1) was prepared to avoid the extensive cellular clumping of haploid strains. When an exponentially growing culture of FS25 was shifted to the restrictive temperature, the cell number increased by approximately four-to fivefold, but the number of viable cells decreased after 6 h of incubation at 35°C (Fig.  2a) . The cell cycle of most fsrl diploid cells (80%) was arrested when they had formed a single large bud. At this stage about 60% of the total cells had a particular cellular morphology identified as swollen doublets (Fig. 2b) . Thefsrl mutant cells grown at 25C contained more cells with a large bud than did wild-type cells grown under the same conditions.
The morphology of the fsrl diploid cells was examined by nuclear staining with the fluorescent dye propidium iodide. About 60% of the fsrl cells incubated at 35°C for 8 h had large buds and contained two completely separated nuclei ( Fig. 3a and b) , and the rest of the cells had either no bud with a single nucleus (22%) or a small bud with a single or dividing nucleus (17%). The large buds offsrl cells were not separated from the mother cells after sonication of the cells. To determine the relative DNA content per nucleus, the intensity of fluorescence emitted from propidium iodidestained nuclei was measured. The histograms representing the distribution of DNA content per nucleus of fsrl diploid cells incubated at 25 and 35°C are indicated in Fig. 4 . The DNA level of nuclei in thefsrl diploid cells incubated at 35°C was slightly higher than the diploid level observed in the cells incubated at 25°C (Fig. 4) , which is consistent with the hypothesis that the fsrl mutation affects a step of the cell cycle after the nuclear division but before cell separation.
Mutants defective in genes CDC5, CDC14, CDCJS, and CDC30 are known to be arrested at the late stage of nuclear division under the nonpermissive temperature (20) . The fsrl mutant complemented these cdc mutants, and the map position of the fsrl gene was different from those of cdc5, cdc14, and cdcl5. Therefore, the fsrl gene may be a new cdc gene that displays a mutant phenot3 division.
Growth properties offsr2 mutants. V growing culture of the fsr2lfsr2 diploi shifted to the restrictive temperature f viable cells decreased rapidly and grc fsr2 cells was arrested at a stage with less than one-third the size of the mol The morphology of thefsr2 diploid e nuclear staining with propidium iodic fsr2 cells incubated at 35°C for 8 h contained a single nucleus located at mother cell and bud ( Fig. 3c and d) , ai had either no bud (23%) or a large nucleus or two nuclei (14%). The D nucleus in the cells incubated at 35°C f about 4n (Fig. 4) . The result shows tI mutant is arrested at the G2 stage of I The fsr2 mutant did not grow in YI but continued to grow exponentiall containing 100 mM CaCl2 (Fig. 5) (Fig. 4) . This could be due to an extra round of DNA for 5 h, the number of synthesis after growth arrest. This appears analogous to the )wth of about 60% of result for the cdc3l mutation, which caused cells to have a small bud that was increased ploidy due to endomitotic events (21) . ther cells (Fig. 2d) 
